Abstract
jejunum and ileum incubated in vitro after removal from fed rats, rats starved for three days, and chronically undernourished rats (50% of fed control intake for 21 days). Concentration and Isc response curves for serially-added mucosal Escherichia coli STa enterotoxin showed that the rats which had undergone dietary deprivation had a larger secretory Isc maximum but the ED50 values were unchanged compared with fed animals. In fed intestine the action of STa was transient, with an Isc peak and subsequent decay to the baseline over 60 minutes but in the undernourished intestine the response consisted of a significantly greater peak than that of the fed state (jejunum=94%/o; ileum= 168Gb) and the Isc was maintained at or near the peak for at least 60 minutes. The starved intestine had a less well developed maintenance of its enhanced peak Isc. Serosal tetrodotoxin (1 pgM) had no effect on the initial peak Isc values but caused a decay of the maintained Isc down to the basal or fed levels in the starved and, especially, in the undernourished intestines. Thus, dietary deprivation, especially chronic undernutrition, enhances the maximum electrogenic secretion due to STa and creates a new neural path in the submucosal plexus that, when activated by STa, maintains its enhanced secretory action. Its putative role in exacerbating secretory diarrhoea in malnourished human subjects could be an important component underlying the known relation between malnourishment and the increased severity of diarrhoea. (Gut 1994; 35: 1237 -1243 secretion is also greatly prolonged compared with that in the fed or starved intestine. 9 In this study we present evidence that this prolongation of the hypersecretory response to E coli STa in chronically undernourished jejuna and ilea is driven by a tetrodotoxin-sensitive neural component in the submucosal plexus of the enteric nervous system. This neural pathway seems less well developed in prolonging the hypersecretory response of the starved small intestine to the toxin. Preliminary accounts of the work have been communicated to the Physiological Society and the European Intestinal Transport Group.10 11 Interestingly, other studies have shown that starvation also induces a greatly enhanced, neurally-driven, basal secretory tone in the mouse colon.12 The induction of neural mechanisms by dietary deprivation highlights the plasticity of the enteric nervous system and is an example of the influence of the level of food intake on enteric neural pathways and their control of small intestinal secretory activity.
Methods

ANIMALS AND DIETARY STATUS
Male albino rats of the Sheffield Wistar strain (weight range 230-260 g) were housed in individual plastic cages with raised wire mesh bottoms to minimise coprophagy. The controls were allowed free access to their food (Diet CRM, Labsure, London). They consumed approximately 24 g of the diet per day. Another group of rats was fed 50% (12 g per day) of the diet for 21 days (chronically undernourished group). A further group of rats was starved for 72 hours. All the rats were allowed free access to their drinking water. The temperature (23 (1)°C), humidity (72%), and the 12 hour light-dark cycle (lights on from 6 00 to 18 00) were all controlled. Statistical analysis used the unpaired Student's t test with significance taken at the 5% level. When multiple comparisons were made, the Kruskal-Wallis analysis of variance was used followed by Conover's multiple t test to identify specific differences.'5
Results
CONCENTRATION-RESPONSE CURVES TO STa iN FED AND UNDERNOURISHED INTESTINES
Stripped jejuna and ilea from fed, starved, and undernourished rats were stimulated in vitro with cumulative additions of STa to the mucosal solution over the range 5 to 100 ng/ml. The responses, calculated as the AIScmax and plotted against the log of the STa dose, showed typical sigmoidal concentration-response relationships. The maximum responses to STa in both the jejuna and ilea were observed at 50 ng/ml and were not significantly smaller compared with the responses at 100 ng/ml (Fig 1 (A) and (B) ). In the undernourished jejuna, the /Isc induced were significantly greater than the fed values at all doses of STa (Fig 1 (A) ) but in the ileum, only those doses above 25 ng/ml were significantly greater than the fed values. The maximum increase in Iscm, in the undernourished compared with the fed jejuna was 104% greater (p<0.001), and in the ilea it was 124% greater (p<0.001). With the starved jejuna only the doses above 25 ng/ml were significantly different from the fed values (50 ng/ml, p<0 02; 100 ng/ml, p<0 01), but in the starved ilea all doses were significantly greater than the fed (5 ng/ml, p<001; 10 ng/ml, p<005; 25 ng/ml, p<001; 50 ng/ml, p<001; 100 ng/ml, p<OOOl). In the starved jejuna, the AIsc,m was 113% greater (p<0-001) and in the ilea it was 176% greater (p<O-OOl) than the respective fed values. The ED50 values (the concentration of STa required to produce a half maximal response) were 30 (3), 27 (5) , and 28 (6) ng/ml respectively in the fed, starved, and undernourished jejuna and 28 (2), 27 (4), and 25 (5) The maintained duration of action of STa on the enhanced Isc in the undernourished jejunum (Fig 2 (A) ) and ileum (Fig 3 (A) ) is obvious when compared with the smaller peaks and decay of the Isc in the fed jejunum and ileum (Figs 2 (B) and 3 (B) respectively). The starved intestine (Fig 4 (A) and (B)) shows less dramatic evidence of a prolongation of STa's action but the Isc values are significantly greater after 60 minutes of STa than those of the fed (Table I) intestine especially in the case of the jejunum. Statistical analysis of the Isc values induced by the STa 60 minutes after its addition are shown in Table I . To assess whether a neural component played a part in the prolongation of action of STa in the starved and undernourished intestine, TTX was added to the serosal bathing fluid and allowed to act before the addition of mucosal STa. The small decrease in the basal Isc after the addition of the TTX was not significant in the fed, starved, or undernourished intestines, indicating that very little neural tone drives their secretory activity in the basal condition. The addition of TTX did not significantly affect the maximum Isc induced by the STa in the fed intestine (Table  I) . Similarly, in both the starved and undernourished jejuna and ilea the presence of TTX did not significantly affect the enhanced Isc maximum induced by STa when compared with values in the absence of TFX. Compared with the fed AIscmax in the starved jejuna and ilea, the increases in the absence of TTX were 97% (p<0-01) and 116% (p<0 02) respectively while values in the presence of TTX was 121% (p<0 01) and 222% (p<0-001) respectively. Similarly, in the undernourished jejuna and ilea the values were 94% (p<0-001) and 168% (p<0 001) in the absence of TTX and 56% (p<0-02) and 271% (p<0001) respectively in the presence ofTTX ( Table I) .
The effect of the added TTX was assessed in the various intestines by measuring the induced STa Isc after 60 minutes (Isc60). In the fed jejuna and ilea, the presence or absence of TTX had no significant effect on the Isc60 ( 
Discussion
The results show that E coli STa elicits an electrogenic secretory concentration-dose response in the jejuna and ilea from fed, starved, and chronically undernourished rats, and the maximum values for the starved and undernourished intestines were significantly greater than those induced in the fed intestine. In both the jejuna and ilea, this was obtained at STa concentrations of 50 ng/ml with a similar ED50. This suggests that starvation and chronic undernutrition are unlikely to affect the affinity of the receptors to the enterotoxin.
It is also unlikely that the increased maximum response is due to an increase in the number of STa receptors as other workers16 have not found an increase in the binding sites for STa on the undernourished enterocyte.
The time course profiles for the STa Isc response in the fed intestines were very different to those in the undernourished intestinesthey were transient in the former and maintained in the latter. In the case of the starved intestine, there was some evidence of a maintained STa induced Iscmax compared with the fed values, but it was less obvious than that in the undernourished gut. In the presence of the neurotoxin TTX, none of the initial Iscmax induced by STa in any of the intestines was affected, but prolongation of the Isc response in the undernourished ilea and jejuna was reduced back to the initial basal level after 60 minutes. The starved ilea and jejuna also showed an increase in the speed of decay of the Isc in the presence of TTX (more so in the jejunum) but the effect was very much smaller than that observed in the undernourished intestine. The action of TTX in inhibiting the maintenance of the Isc activated by STa clearly indicates that there is a neural mechanism operating in the starved, and especially the undernourished, intestines that maintains the duration of action of the STa.
The intestinal preparations have their outer smooth muscle coat stripped away, which also removes the myenteric plexus but leaves intact the submucosal and mucosal plexus of the enteric nervous system.'7 Thus the neural path that is activated or uncovered by 21 days of chronic undernourishment and partially induced by the three day starvation must reside in the submucosal-mucosal plexii. While previous studies in the fed rat indicated that both hexamethonium and TTX partially depressed the action of STa on inducing jejunal fluid secretion in vivo18 this neural mechanism clearly does not influence the electrogenic secretion measured in our experiments in the fed stripped intestine in vitro as TTX has no effect on either the maximal Isc generated by STa or on its duration. Recent studies with fed small intestine incubated in vitro in the unstripped, intact condition have shown that TTX will partially inhibit the Isc generated by mucosal STa even though it has no effect in the stripped intestine, implicating involvement of the myenteric plexus. Moreover, this myenteric reflex pathway is inhibited by capsaicin and by L-NAME and is thus dependent on C afferent fibres and nitric oxide (Rolfe and Levin19). We are presently examining the action of STa in invoking electrogenic secretion in vitro via the myenteric plexus reflex in the unstripped intestine from chronic undernourished rats.
Our results clearly show that nutritional deprivation can induce or uncover a neural path in the enteric nervous system that activates intestinal secretion. Such a mechanism enhances the duration of action of the STa enterotoxin which will create greater secretion in undernourished subjects. As secretory diarrhoea caused by enterotoxigenic E coli is the cause of a large proportion of childhood diarrhoea20 and it is well known that reduced nutrition gives rise to an increased frequency and duration of diarrhoea,2' 22 the discovered neural reflex path may well be a component of the diarrhoea via the enhanced action of STa.
We have shown in previous studies that dietary deprived intestine not only responds to STa with an enhanced electrogenic secretion but also with an increased fluid secretion.69 23 Other investigations in undernourished rats in vivo16 superficially seem to have confirmed the original finding of Young et al 9 that STa has a greater and prolonged action on intestinal secretion in this condition. These workers, however, could not find any change in the receptor density, avidity of binding of STa, or in its activation of guanylyl cyclase in the undernourished intestine. Moreover, they did not observe any significant differences in fluid secretion by the undernourished compared with the fed intestine until the enterotoxin had had approximately two hours of contact with the ligated jejunal loop. They proposed that the longer duration of action on intestinal secretion was due to a reduced enzymatic breakdown of the enterotoxin by the enterocytes. While such a mechanism may play a role in affecting the duration of STa's action in undernourished intestine it cannot account for the greater intestinal secretion previously reported by Young et al 9 and the results of the present study. Our results show the rapidity with which the enhanced electrogenic Isc is generated by STa 
